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The development of a sustainable route to ammonia production is
one of the most attractive targets in chemistry. The primary method
of ammonia production, Haber—Bosch process, can bring about
excessive consumption of fossil fuels and large CO, emission. In this
communication, we develop a VN nanowire array on carbon cloth
(VN/CC) as a high-performance catalyst for the nitrogen reduction
reaction (NRR) under ambient conditions. Such an electrocatalyst
achieves high ammonia yield (2.48 x 1072° mol™ s cm~?) and
faradaic efficiency (3.58%) at —0.3 V versus RHE in 0.1 M HCl,
outperforming most reported results for N, fixation under ambient
conditions, and even comparing favorably with those obtained
under high temperatures and/or pressures. This work not only
provides us an attractive catalyst material for the NRR in acidic
media, but would also open up an exciting new avenue to the rational
design and fabrication of transition metal nitrides for the NRR.

Ammonia (NH;) is among the chemicals produced in the
largest quantities in the chemical industry, where it is primarily
used in the production of fertilizers."™ The ammonia-based
fertilizer is predominantly synthesized via the industrial
Haber-Bosch process.*” In this process, its synthesis is heavily
relied on high temperature and pressure (350-550 °C, 150-350 atm)
of the Haber-Bosch process, wherein the input of H, and energy is
largely derived from fossil fuels and thus results in a large amount
of CO, emission.*** Accordingly, more sustainable and economical
alternatives for ammonia production will be demanded to reduce
greenhouse gas emission.

Many alternative methods to synthesize ammonia have been
proposed in recent years, such as enzyme-catalyzed synthesis,
photochemical synthesis, and electrochemical synthesis.'*°
Although the electrochemical syntheses of ammonia via
the nitrogen reduction reaction (NRR) have been successfully
achieved, there are still a lot of defects, including relatively low
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yield, expensive electrolytes and harsh experimental conditions
and so on. It is striking to note that the electrochemical
synthesis of ammonia has been regarded as the most favourable
route because it can be realized under ambient conditions based
on heterogeneous catalysts.”" To date, noble metal catalysts, such
as Au and Ru, have shown superior catalytic activity for the
electrochemical synthesis of ammonia.**** Yan and co-workers
reported that Au sub-nanoclusters on TiO, act as an efficient
electrocatalyst for the NRR, which exhibit high ammonia yield
(21.4 pg h™" mg., ") and faradaic efficiency (8.11%) at room
temperature and atmospheric pressure. However, the noble
metal catalysts suffer from low abundance and high cost,
hindering their large-scale application. Moreover, theoretical
calculations have demonstrated that transition metal nitrides,
including CrN, ZrN, and NbN, are potential candidates for NH;
electrosynthesis under ambient conditions.>**> Meanwhile, a
nanoarray as the active component grown on a conductive
matrix is favorable to enhance catalytic activity owing to the
more exposed active sites and facilitated diffusion of the
electrolyte and gas evolved.?®™>® Therefore, it is highly attractive
to develop the transition metal nitride nanoarray for the NRR,
which, however, has not been reported.

In this communication, we demonstrate the development of
a VN nanowire array grown on carbon cloth (VN/CC) as a high-
performance catalyst for the NRR. Such an electrocatalyst
achieves high ammonia yield (2.48 x 107'° mol ' s ¢cm™?)
and faradaic efficiency (3.58%) at —0.3 V versus RHE in 0.1 M
HCI, outperforming most reported results for N, fixation under
ambient conditions, and even comparing favourably to the
yield and faradaic efficiency obtained under high temperatures
and/or pressures.

The VN/CC nanowire array was synthesized viag nitridation
of a V,05 nanowire array precursor. The scanning electron
microscopy (SEM) images of V,05/CC with different magnifica-
tions show the well-coated nanowire array on CC (Fig. 1a). SEM
images (Fig. 1b) suggest that the CC is completely covered with
the VN nanowire array. The energy-dispersive X-ray (EDX) spectrum
(Fig. S1, ESIt) for VN/CC further confirms the existence of V and N
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Fig. 1 SEM images for (a) V,0s/CC and (b) VN/CC. (c) TEM and HRTEM
images for VN. (d) SEM and EDX elemental mapping images of V and N for
VN/CC.

elements in the product. As shown in Fig. 1c, the transmission
electron microscopy (TEM) image demonstrates that VN has
a typical nanowire structure, and the high-resolution TEM
(HRTEM) image taken from VN reveals well-resolved lattice
fringes with an interplanar spacing of 0.207 nm, which corre-
sponds to the (200) plane of VN. The SEM and corresponding
energy-dispersive X-ray (EDX) elemental mapping images
(Fig. 1d) suggest the uniform distribution of V and N elements.

Fig. 2a shows the X-ray diffraction (XRD) pattern for VN/CC.
As observed, the peaks of VN/CC at 37.6°,43.7°, 63.5°, and 76.2°
are indexed to the (111), (200), (220), and (311) planes of VN
(JCPDS No. 35-0768), respectively. Other peaks are typical
diffraction peaks of CC. Fig. 2b shows the X-ray photoelectron
spectroscopy (XPS) spectrum of VN, indicating the presence of
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Fig. 2 (a) XRD pattern for VN/CC. (b) XPS survey spectrum for VN and XPS
spectra in (c) V 2p and (d) N 1s.
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the elements V and N. In the V 2p region (Fig. 2¢), the binding
energies (BEs) at 513.5 and 521.2 eV are assigned to V 2ps,
and V 2p,;,,*° respectively. Meanwhile, the BEs at 515.5 and
528.3 eV are shakeup satellites.’® In Fig. 2d, the N 1s spectrum
shows a peak at 397.1 eV, corresponding to the BE of N in metal
nitride.>** In the electrocatalytic process, N, gas is continually
supplied in a feed stream to the VN/CC (loading: 1.59 mg cm ™ ?)
cathode, where protons (H' ions) transported through the
electrolyte in 0.1 M HCI reacted with N, to produce NHj;.
A schematic diagram of the reaction cell in this work is shown
in Fig. 3a. The catalyst of VN/CC can provide suitable potentials
to form ammonia via the Mars-van Krevelen mechanism,
in which a nitrogen atom on the surface of VN was reduced
to ammonia and the catalyst later regenerated with N,. Fig. 3b
presents the UV-vis absorption spectra of the electrolyte
stained with an indophenol indicator after electrolysis at
different potentials for 3 h. This suggests that the highest
absorbance intensity was measured at —0.3 V versus RHE.
In this study, only NH; is detected without the by-product
of N,H,. The concentration of the produced NH; is
spectrophotometrically determined via the indophenol blue
method,”® while the produced N,H, is estimated using the
method of Watt and Chrisp.***> The calibration curves of
detection are shown in Fig. S2 and S3 (see the ESIT), suggesting
that VN/CC shows excellent selectivity for N, reduction without
N,H, production (Fig. S4 and S5, ESIf). In Fig. S6 (ESIT), the
UV-vis absorption spectra of VN/CC further confirm that the
catalyst has excellent selectivity.

Fig. 3c shows the NH; yield and faradaic efficiency with the
negative potential increasing until —0.3 V versus RHE, where
the NH; yield and faradaic efficiency can reach the best values
of 2.48 x 107" mol s™! em™* and 3.58%, respectively. Beyond
this negative potential, the NH; yield rate and faradaic efficiency
decreased significantly, which was attributed to the compe-
titive adsorption of N, and hydrogen species on the electrode
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Fig. 3 (a) Schematic reaction cell for the NRR. (b) UV-vis absorption
spectra of the electrolytes stained with an indophenol indicator after
VN/CC electrolysis at different potentials for 3 h. The potential started at
—0.1 V and finished at —0.8 V. (c) Average NHs yields and faradaic
efficiencies of VN/CC at different potentials. (d) Recycling test of VN/CC
at the potential of —0.3 V versus RHE.
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Fig. 4 (a) Time-dependent current density curves of VN/CC for the NRR

at different potentials in 0.1 M HCL (b) The SEM images for VN/CC after the
stability test.

surface. As the catalytic potential was below —0.3 V versus RHE,
the hydrogen evolution reaction becomes the primary process in
this catalytic system. The NH; yield and faradaic efficiency of
VN/CC are higher than those reported in previous literature,
including Fe,O3/CNT (3.6 x 10 > mol s' cm %, 2.2% at
—2.0 V), Ru/C (3.43 x 107" mol s™' ecm % 0.28% at
—1.1 V),”” PEBCD/C (2.58 x 107'" mol s ' ecm >, 2.85%
at —0.5 V),*® and Mo nanofilms (3.09 x 10" mol s " cm™? at
—0.49 V, 0.72% at —0.29 V).** Fig. 3d shows that the NH; yield
and faradaic efficiency have no obvious variation during the
recycling tests for 10 times, indicating that VN/CC has excellent
repeatability for the NRR. Considering the stability is another
significant parameter to evaluate the practicability of electro-
catalysts, Fig. 4a shows the time-dependent current density
curves at different potentials, which suggest that VN/CC can
maintain its catalytic activity for at least 3 h. As shown in
Fig. 4b, the SEM images of VN/CC after the stability test suggest
that such a catalyst still preserves the original morphology. The
XRD pattern is shown in Fig. S7 (ESI{), which shows that the
diffraction peaks after the test are consistent with those of VN/CC
before the test. And the XPS spectra indicated that the VN has no
obvious change after the test (Fig. S8, ESIT).

In summary, a VN nanowire array has been successfully
grown on CC (VN/CC), which is obtained from a V,0O5 precursor
via nitridation. As a high-efficient NRR catalyst in acidic
media, it can obtain the NH; yield and faradaic efficiency of
2.48 x 107 mol s em™? and 3.58%, respectively, as well as
the excellent selectivity (no formation of N,H,) and durability in
0.1 M HCI. This work not only provides us an attractive catalyst
material for the NRR in acidic media, but would also open up
an exciting new avenue to the rational design and fabrication of
transition metal nitrides for the NRR.
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